ABSTRACT. Adult urodele amphibians such as newts are capable of regenerating lost structures including their limbs. In these species, dedifferentiation of myofiber is essential for the regenerative process. Upon terminal differentiation, nuclei of myofiber (myonuclei) are withdrawn from cell cycle, but prior to dedifferentiation, myonuclei reenter the cell cycle. In contrast with urodele amphibians, it is generally accepted that mammalian myofibers are not able to dedifferentiate in response to muscle injury. A recent study has suggested that electroporation can induce dedifferentiation response of skeletal muscle in newt limbs. In the present study, we examined whether myonuclei of skeletal muscle of mammals are capable of reentering the cell cycle by means of electroporation. Electroporation was applied to tibialis anterior muscle of the rat with or without plasmid DNA. Histological analyses revealed that, while electroporation induces degenerative/regenerative responses in skeletal muscle irrespective of the presence of plasmid DNA, the expression of proliferating cell nuclear antigen (PCNA) in myonuclei was observed only in the presence of plasmid DNA. The present results indicate that myonuclei of skeletal muscle are capable of reentering the cell cycle and suggest that in vivo electroporation can induce dedifferentiation of mammalian skeletal muscle.
Urodele amphibians, such as newts and axolotls, can regenerate lost structures and organs, including their limbs, tail, jaws, spinal cord, retinas, lenses, optic nerves, intestine, and a part of heart ventricle through dedifferentiation [34] . In amphibian limb amputation, epithelial cells begin to migrate and cover the amputation site, forming a wound epithelium. The wound epithelium thickens and forms a mature apical epithelial cap (AEC). Under the AEC, tissues including epidermis, dermis, cartilage, bones, skeletal muscle and Schwann cells dedifferentiate and form a pool of progenitor cells known as the regeneration blastema, in which cells re-differentiate to form lost structures [21] . Besides these dedifferentiated cells, stem cells residing within tissues are also thought to constitute the regeneration blastema [10, 30] . However, neither such remarkable regenerative capabilities nor the blastema formation is observed in mammals.
In mammals, skeletal muscle is composed of multinucleated myofibers that are separated from each other by a basement membrane and a sarcolemma [9] . Between the basement membrane and the sarcolemma, there are satellite cells, which are activated in response to muscle damage and differentiate to form new myofibers. This differentiation process is characterized by the irreversible withdrawal of satellite cells from the cell cycle. In the regeneration process of amphibians, the dedifferentiation of myofibers is the major cell source for blastema formation [13] . Cell cycle reentry of myonuclei and fragmentation of myofiber are considered to be specific indicators of dedifferentiation [6, 7, 33] . In mammalian systems, there are several studies to induce dedifferentiation of C2C12 myotubes in vitro, including the ectopic expression of homeobox-containing transcriptional repressor msx1 [35] , the treatment by myoseverin, a microtubule-binding molecule [38] , and the overexpression of Twist, a nuclear basic helix-loop-helix transcription factor [19] . In these studies, nuclei of C2C12 myotubes reenter the cell cycle, and these myotubes are cleaved into proliferative mononucleated cells. Moreover, a recent study showed that murine myofibers may be able to dedifferentiate by skeletal muscle injury in vivo [31] . These results indicate that mammalian skeletal muscle has a potential to dedifferentiate.
Electroporation is known as an efficient technique for gene transfer [2] , and its uses for gene therapy have been extensively studied [11, 26] . Besides these uses for gene transfer, a recent study showed that electroporation to newt appendages can induce the dedifferentiation response that is indistinguishable from the response after amputation [3] . In the present study, we examined whether mammalian myofibers can reenter the cell cycle after electroporation. The results suggested that mammalian myofibers may have a potential to dedifferentiate when exposed to the appropriate stimulation of electric pulses.
MATERIALS AND METHODS
Animals: Adult (9 to 14 weeks old) male Wistar Imamichi rats purchased from Institute for Animal Reproduction (Ibaraki, Japan) were used throughout this study. They were housed in a room at 23°C with a lighting condition of 12 hr-light and 12 hr-darkness (lights on at 0800 hr). Food and water were provided ad libitum. All animal experiments performed in this study were according to the Guideline for the Care and Use of Laboratory Animals, The University of Tokyo.
Plasmid DNA: Plasmid pCAGGS-lacZ, which drives lacZ cDNA expression under the CAG (cytomegalovirus immediate-early enhancer-chicken β-actin hybrid) promoter [32] , was kindly gifted from Dr. Masahiro Sato, Kagoshima University. Plasmid was purified by ethidium bromide-CsCl equilibrium density gradient ultracentrifugation.
Electroporation: Rats were anesthetized by ethyl ether, and their skin over tibialis anterior muscle (TA, also termed cranial tibial muscle) was incised. A pair of stainless electrode needle was stuck into TA muscle, and 100 µl of plasmid solution (1 mg/ml pCAGGS-lacZ) was injected between needles. Immediately after the injection, three square pulses of 50 V for 50 msec were applied at 100 msec intervals, followed by three more pulses of the opposite polarity using an electroporator (CUY21, NEPA GENE CO., Ltd., Chiba, Japan). On the indicated days after electroporation, the rats were sacrificed by inhalation of carbon dioxide gas, and their TA muscles were obtained. The tissue samples were snapfrozen in isopentane cooled with liquid nitrogen, and stored at −85°C until use.
Bupivacaine hydrochloride (BPVC) injection: Rats were anesthetized by ethyl ether, and 200 µl of BPVC (Sigma, St. Louis, MO, U.S.A.; 0.75% in saline) was injected into TA muscles. On the indicated days after the injection, TA muscles were isolated and frozen as described above.
Histological analyses: Frozen sections (7-8 µm thickness) of the rat TA muscles were prepared transversely, and nearly the broadest sections were subjected to histological analyses. For hematoxylin-eosin (HE) staining, sections were fixed with 4% paraformaldehyde in phosphate buffered saline (4% PFA/PBS). After washing with running tap water for 5 min, sections were stained with hematoxylin. After washing with running tap water for 10 min, the sections were immersed in eosin solution for 3 min, then dehydrated and mounted with Multi Mount 220 (Matsunami Glass Ind., Ltd., Osaka, Japan).
For immunohistochemistry, the sections were fixed with 4% PFA/PBS for 15 min at room temperature (RT) and washed with PBS. Then, the sections were incubated in methanol for 20 min at RT. After washing with PBS, the sections were blocked with 5% normal goat serum (NGS) in PBS for 30 min. After blocking, the sections were incubated with primary antibody for 2 hr at RT. The following primary antibodies were used: anti-PCNA (clone PC10 from Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A., 1:100 dilution), and anti-dystrophin (clone H-300 from Santa Cruz Biotechnology, 1:100 dilution). The sections were washed with PBS and incubated with secondary antibody for 1 hr at RT. The following secondary antibodies were used: Alexa Fluor 488-labeled anti mouse IgG (Invitrogen, Carlsbad, CA, U.S.A., 1:400 dilution) and Alexa Fluor 594-labeled anti rabbit IgG (Invitrogen, 1:400 dilution). All the antibodies were diluted with 5% NGS/PBS. Cell nuclei were counterstained with Hoechst 33258. Fluorescent signals were observed with a fluorescent microscope. When quantitative analyses on immunopositive nuclei were performed, the number of positive nuclei within sarcolemma on entire section was counted.
β-galactosidase staining: Sections were fixed with 2% PFA, 0.2% glutaraldehyde in PBS for 5 min at RT and washed with PBS. Then, the sections were incubated with X-gal solution [1 mg/ml 5-bromo-4-chloro-3-indolyl-β-Dgalactoside (X-gal)], 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide and 2 mM magnesium chloride in PBS for 6 hr at 37°C and washed with PBS. Cell nuclei were counterstained with hematoxylin, and the sections were washed with running tap water for 10 min, dehydrated and mounted.
Statistical analyses: ANOVA followed by Tukey-Kramer post-hoc comparisons were used to evaluate statistical differences among the groups. P values less than 0.05 were considered statistically significant.
RESULTS

Electroporation induces degenerative/regenerative response in skeletal muscle:
Electroporation is known to induce degenerative/regenerative response of skeletal muscle [5, 37] . To examine the electroporation-induced degenerative/regenerative response in skeletal muscle, histological analyses were performed on rat TA muscles after electroporation with plasmid DNA (pCAGGS-lacZ). On day 1 after electroporation, HE staining revealed the degenerative changes of myofibers and the infiltration of mononucleated cells, presumably inflammatory cells (Fig. 1A, Day 1) . On day 3, much more mononucleated cells were present in the degenerated area (Fig. 1A, Day 3) . On days 5 and 7, the number of mononucleated cells was decreased, and newly formed multinucleated myotubes appeared, indicating the ongoing regenerative process (Fig. 1A, Days 5 and 7) . On day 10, immature myofibers with central nuclei were observed mainly, but the regeneration was yet to be completed. (Fig. 1A, Day 10) .
We next investigated the lacZ expression during regenerative process of skeletal muscle. The lacZ expression was observed from day 1 to day 7 after electroporation, but disappeared on day 10 (Fig. 1B) . In the period when the lacZ expression was observed, almost all of the lacZpositive cells were mature myofibers, and lacZ-positive mononucleated cells were rarely observed (Fig. 1B, Day 1) . On days 5 and 7, lacZ expression was detected in the newly formed multinucleated myotubes (Fig. 1B, Day 5) . The results confirmed that electroporation induces degenerative/ regenerative response in skeletal muscle, and indicated that the plasmid DNA was introduced into the cells that would participate in the formation of new myofibers, as well as into mature myofibers.
Electroporation induces cell cycle reentry of myonuclei:
Cell cycle reentry of nuclei of mature myofibers is a potential indicator of cellular plasticity and considered to be a specific feature observed in the dedifferentiation process of skeletal muscle [6, 33] . The above results that lacZ expression was mainly observed in newly formed myotubes, but not in mononucleated cells, raised the possibility that dedifferentiation of myofibers could take place after electroporation. Thus, we examined whether electroporation induces cell cycle reentry of myonuclei by means of immunohistochemical analyses of PCNA, a cell proliferation marker. Costaining of dystrophin, a marker for sarcolemma, enabled us to distinguish myonuclei from those of mononucleated cells, such as satellite cells. On day 7 after electroporation, PCNA expression in the nuclei of mature myofibers was observed in the area where mononucleated cells infiltrated ( Fig. 2A) . It should be noted that not all the nuclei within the same myofibers were positive for PCNA. Quantitative analyses revealed that the number of myofibers with PCNA-positive nuclei peaked on day 7 after electroporation (Fig. 2B) . These results indicate that electroporation can induce cell cycle reentry of myonuclei.
BPVC injection does not induce cell cycle reentry of myonuclei:
In previous studies of inducing regenerative response in mammalian skeletal muscle in vivo, cell cycle reentry of myonuclei has not been observed to our knowledge. Here, in order to investigate whether myonuclei can reenter the cell cycle during regenerative process in general, we examined PCNA expression in myonuclei after BPVC injection into skeletal muscle, since BPVC is known to induce degenerative/regenerative response of skeletal muscle [46] . First, histological analyses were performed on rat TA muscles after BPVC injection. HE staining revealed that on day 3 after BPVC injection, the infiltration of mononucleated cells was observed at the injection site (Fig. 3, Day 3) . On day 5, the number of mononucleated cells decreased, and instead, newly formed multinucleated myotubes appeared (Fig. 3, Day 5 ). The diameter of the regenerating myotubes increased on days 7 and 10, but the regenerative process was not yet completed (Fig. 3 , Days 7 and 10). Compared with electroporation-induced degeneration/regeneration, the decrease of mononucleated cells in the regenerative process was more rapid after BPVC injection. Double-staining of PCNA and dystrophin revealed that no myonuclei were positive for PCNA at all time points (days 3, 5, 7, and 10 after BPVC injection) examined (data not shown). These results indicate that cell cycle reentry of myonuclei may be the phenomenon observed only in the regenerative process induced by electroporation.
Presence of plasmid DNA is necessary for cell cycle reentry of myonuclei after electroporation: Plasmid DNA increases the damaged area of skeletal muscle after electroporation [12] , indicating that the effect of electroporation on skeletal muscle differs depending on the presence of plasmid DNA. To examine whether plasmid DNA influences PCNA expression in myonuclei after electroporation, we investigated the extent of degenerative/regenerative response after electroporation with (EP + plasmid) or without plasmid DNA (EP) (Fig. 4A) . Histological analyses on day 7 after electroporation revealed that, although electroporation alone can induce the degenerative/regenerative response of skeletal muscle, it was milder compared with that observed when electroporation was performed in the presence of plasmid DNA. Immunohistochemical analyses of PCNA and dystrophin followed by quantitative analyses of PCNA-positive myonuclei revealed that no PCNA-positive myofibers were observed after electroporation without plasmid DNA (Fig.  4B) , indicating that the presence of plasmid DNA is necessary to induce cell cycle reentry of myonuclei by electroporation.
DISCUSSION
The present study showed that the electroporation with plasmid DNA can induce cell cycle reentry of myonuclei, suggesting the occurrence of mammalian skeletal muscle dedifferentiation in vivo.
Cell cycle reentry of myonuclei is considered to be a specific indicator of dedifferentiation [6, 33] . Atkinson et al. showed that electroporation to newt appendages and tail induces cell cycle reentry of nuclei within skeletal muscle tissue, and raised the possibility of dedifferentiation of myofibers [3] . In the regenerative process following amputation of newt appendages, not only the myonuclei but also the nuclei of activated satellite cells, which are separated from myofibers by sarcolemma [9] , reenter the cell cycle [7, 30] . However, Atkinson et al. did not consider the contribution of the activated satellite cells to the formation of new myofibers. In the present study, we detected PCNA-positive myonuclei residing within the sarcolemma that is visualized by immunostaining of dystrophin, indicating that some nuclei of mature myofibers are capable of reentering the cell cycle after electroporation with plasmid DNA.
The present study showed that not all the nuclei within the same myofiber reenter the cell cycle, and some nuclei remain in a quiescent state. Similar result was obtained following treatment of mouse C2C12 myotubes with the extract derived from newt regenerating limbs [28] . In the extract treatment study, approximately 64% of the nuclei within a myotube reentered the cell cycle following the treatment with the newt regeneration extract, whereas the remaining nuclei retained quiescent. In addition, the mouse myotubes that responded to the newt regeneration extract were cleaved into smaller myotubes or proliferative mononucleated cells, indicating that even the myofibers that have both the nuclei reentering the cell cycle and remaining in the quiescent state may be able to dedifferentiate after electroporation. While the electroporation to newt limbs induces cell cycle reentry of nuclei within skeletal muscle tissues, regardless of the presence of plasmid DNA [3] , the present study showed that plasmid DNA is essential to the cell cycle reentry of nuclei within myofibers after electroporation. This indicates that the presence or the expression of plasmid DNA can influence the cell cycle reentry of myonuclei of mammals. The gene transfer by injection of naked plasmid DNA or the electroporation into skeletal muscle is transient, and the term of transgene expression is limited due to the immune response [1, 29] . In fact, the presence of plasmid DNA amplified the immune response after electroporation as evidenced by an increasing number of infiltrating inflammatory cells, indicating that the immune response to the plasmid DNA or the transgene-encoded proteins was evoked. Since plasmid DNA was prepared in E. coli, it could be contaminated with bacterial lipopolysaccharide (LPS) or unmethylated CpG dinucleotides [4, 42] , which may stimulate host innate immunity. Moreover, transforming growth factor-β (TGF-β) signaling is shown to be essential for the limb regeneration in axolotls [25] . Thus, it is possible that some cytokines that could induce dedifferentiation such as TGF-β are released as a result of immune response, and then these cytokines are induced in reentering the cell cycle of myonuclei.
Electroporation to skeletal muscle induces regenerative response [5, 37] . Several experimental models for the study of skeletal muscle regeneration have been established so far, and BPVC injection into skeletal muscle is one of them [46] . However, there were no myonuclei reentering the cell cycle observed after BPVC injection. The degenerative response after electroporation is thought to be caused by the formation of hydrophilic pores in the cell membrane and the subsequent influx of Ca 2+ . The pores are resealed spontaneously by self-repairing capability of cells within a few min [41] , but if the size or the number of pores is beyond the selfrepairing capability, the influx of Ca 2+ may be prolonged or overloaded. The increased concentration of intracellular Ca 2+ activates Ca 2+ -sensitive proteases and lipases, which cause further breakdown of intracellular lipids, proteins and membrane structures such as sarcolemma, resulting in cell death [16] . On the other hand, the myotoxicity of BPVC is caused by the release of Ca 2+ from sarcoplasmic reticulum and the inhibition of Ca 2+ -ATPase on sarcoplasmic reticulum, resulting in the increase of the concentration of intracellular Ca 2+ [47] . In addition, BPVC causes mitochondrial dysfunction [20] , which leads to the depletion of cellular ATP, the release of mitochondrial Ca 2+ into the cytoplasm, and the release of apoptosis factors such as cytochrome c [39] , apoptosis-inducing factor [43] , Smac-Diablo [8] , and endonuclease G [23] . Although there are differences in the source of Ca 2+ , the increased concentration of intracellular Ca 2+ is responsible in common for the degenerative process after electroporation and BPVC injection. However, while cells after electroporation can survive owing to selfrepairing capability, BPVC causes mitochondria-mediated cell death by apoptosis factors. Thus, the cell cycle reentry of myonuclei may be induced by the moderate stimulation of electroporation that is insufficient to induce cell death.
The present study showed the significant increase of the number of myofibers reentering the cell cycle on day 7 after electroporation. In addition, more mononucleated cells were present on days 5 and 7 after electroporation than BPVC injection. The majority of the infiltrated mononucleated cells after electroporation are considered to be macrophages [36] . There are distinct populations of macrophages, and the initial stage of the inflammatory responses driven by Th1 cytokines is dominated by M1 macrophages [18] , which cause further muscle damage by producing nitric oxide (NO) [44] . Furthermore, myeloid cells in the early Th1 inflammatory response, including M1 macrophages, can increase myoblasts proliferation, but not muscle cell fusion through induction of TNF-α [22, 24] and IL-6 [45] . These findings suggest that electroporation may induce the prolonged inflammatory response by M1 macrophages and inhibit myogenesis, resulting in the delay of muscle regeneration. Thus, it is possible that, under the condition where muscle differentiation is suppressed, dedifferentiation of myofiber might take place to compensate for deficiency of myotube formation.
In the present study, PCNA was used as a cell proliferation marker. While PCNA plays an essential role as a sliding clamp for DNA polymerase δ (Pol δ) in DNA replication, PCNA and Pol δ also play essential roles in DNA repair [27] . Therefore, one may argue that the present observation may reflect the process of DNA repair of myofibers rather than cell cycle reentry. In fact, electric pulses cause nicks in the DNA molecules [17] . There are several pathways for DNA damage repair, including nucleotide excision repair (NER), base excision repair (BER), mismatch repair (MMR) and double-strand break repair (DSBR), and all of them involve PCNA. While NER takes less than 10 min [14, 40] and BER completed within 1 hr [15] , the expression of PCNA in myonuclei was not observed until day 3 after electroporation. Thus, the expression of PCNA observed in the present study may reflect DNA replication, rather than DNA repair.
In summary, we have shown here the possibility that electroporation with plasmid DNA can induce dedifferentiation of mammalian skeletal muscle. So far, few studies that examined dedifferentiation of mammalian myofibers are present [31] . We show for the first time that the nuclei of mammalian myofibers can reenter the cell cycle in vivo. A further study to clarify the factors that induce cell cycle reentry of mammalian skeletal muscle by electroporation will be necessary for the use of this knowledge to regenerative medicine.
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